ABSTRACT
determined to be alternate electron acceptors for the reduced enzyme. These results indicate that unlike the enzyme from Chlorella vulgaris, intramolecular electron transfer between reduced heme and Mo is not rate limiting for spinach nitrate reductase. NR2 (EC 1.6.6.1) catalyzes the rate-limiting step in inorganic nitrogen assimilation, the reduction of nitrate to nitrite using NAD(P)H as the physiological electron donor (3, 7) . The enzyme has been immunopurified from spinach and demonstrated to be a homodimer with a subunit molecular weight of 100 kD (5) , each subunit containing the following cofactors: FAD, Cyt b557 and molybdo-pterin in a 1:1:1 stoichiometry (8) . ' This work was supported in part by grants GM 32696 from the National Institutes of Health, 88-37120-3871 from the U.S. Department of Agriculture and NATO Collaborative Research Grant 04-0015-86. Long Ashton Research Station is funded by the U.K. Agricultural Research Council.
2 Abbreviations: NR, nitrate reductase; FR, ferricyanide reductase; CR, Cyt c reductase; DR, dichlorophenolindophenol reductase; FH2, flavin hydroquinone; MV, reduced methyl viologen; MV+, reduced methyl viologen radical cation; MES, 2-(N-morpholino)ethanesulfonic acid; MOPS. morpholinopropanesulfonic acid, Tricine, N-tris(hydroxymethyl)methylglycine; CHES, 2-(cyclohexylamino)ethanesulfonic acid.
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In addition to catalyzing the physiological reaction the enzyme exhibits a number of partial activities which utilize one or more of the enzyme cofactors (8) . These partial activities have been divided into two classes referred to as either diaphorase or nitrate-reducing activities, respectively, corresponding to whether they utilize NADH as the electron donor or utilize nitrate as the terminal electron acceptor. Diaphorase activities require a functional flavin center comprising the NADH-binding site, FAD and an essential sulfhydryl group, for catalytic activity whereas nitrate-reducing activities can utilize artificial electron donors and require an active Mo center. Some activities, such as those involving electron transfer to Cyt c or DCPIP or from exogenous FADH2 also require the heme center. The diaphorase activities comprise NADH:FR, NADH:CR, and NADH:DR activities whereas the nitrate-reducing activities comprise reduced flavin:nitrate reductase (FH2:NR) and MV:NR activities.
Limited proteolysis studies have resolved the cofactor requirements for the various partial activities (12) . Proteolytic cleavage and separation of the two fragments formed following treatment of the spinach enzyme with corn inactivator or V8 protease has shown that the 'small' fragment is required for all diaphorase activities and contains both FAD and the NADH-binding site whereas the 'large' fragment contains heme and Mo and retains FH2:NR and MV:NR activities.
Previous work using the enzyme isolated from the green algae Chlorella vulgaris (10) , has demonstrated that ionic strength and pH, differentially influence the rates of the full and partial activities of NR and that the rate-limiting step in turnover of the Chlorella enzyme involves electron transfer from the b-type Cyt to Mo-pterin. We have extended these studies to the spinach enzyme and have demonstrated that this intramolecular electron transfer rate limitation is not conserved in spinach nitrate reductase.
MATERIALS AND METHODS
Assimilatory NADH:NR was isolated from freshly harvested spinach leaves (Spinacea oleracea, L.) using immunochromatography as previously described (5) and stored in 50% glycerol. Enzyme concentrations were determined using E4= 13 1 7 mM-. cm-'. Enzyme activities, expressed as initial rates for the transfer of either one or two reducing equivalents per nmol heme, were determined at 25°C as previously de- (Fig. 1 B) , determined at the optimal ionic strength of 50 mm, was found to be approximately 7, corresponding to a rate of 9 ,tmol 2e/min/nmol heme. Decreasing or increasing the pH to 5.5 or 9.5, resulted in retention of approximately 42% and 9% of the maximal activity, corresponding to rates of 3.74 and 0.81 gmol 2e/min/nmol heme, respectively.
At an ionic strength of 50 mM, FH2:NR activity, using FADH2 as the electron donor, exhibited a maximal rate of 12 Amol 2e/min/nmol heme with a pH optimum of approximately 7.5, activity decreasing to 1.08 and 5.52 ,mol 2e/min/ nmol heme at the pH extremes of 5.5 and 9.5, respectively. 
DISCUSSION
The preceding results, summarized in Table II 6 .5 whereas the remaining three activities (NADH:NR, NADH:CR, and FH2:NR) exhibit pH optima in the range 7 to 7.5. For the overall activity, the pH optimum is lower than previously reported (8) while increased ionic strength results in inhibition of activity. The nature of the zwitterionic buffers used in these assays, MES, MOPS, Tricine, or CHES, appeared to have little influence on any activity.
Comparison of the data obtained for the spinach and Chlorella NADH:NR activities showed contrasting effects of ionic strength. For the spinach enzyme, increased ionic strength resulted in decreased activity and an increased Km for nitrate whereas Chlorella NR showed increased activity with increasing ionic strength (10) .
Chlorate, bromate, and iodate could substitute for nitrate as the terminal electron acceptor. The halogenates, although exhibiting significantly higher Km,s were found to be efficient acceptors when used under saturating conditions. Similar results have been shown for the Chlorella enzyme (13), although at longer time intervals significant product inhibition was observed.
